a r t i c l e s RNA interference (RNAi) uses small noncoding RNAs to regulate post-transcriptional gene expression. Within somatic animal cells, at least two different species of small RNAs are found: siRNAs and microRNAs (miRNAs) 1 . In Drosophila, the biogenesis and action of miRNAs and siRNAs require distinct machineries 1 . miRNAs originate from nuclear hairpin RNAs that are sequentially processed by two different RNaseIII-dsRBP complexes: Drosha-Pasha and Dicer-1-Loqs isoform PB (Dcr-1-Loqs-PB), respectively. The resulting mature miRNA is then loaded into the Argonaute protein Ago1. siRNAs originating from exogenous dsRNAs require a different DicerdsRBP complex, Dcr-2-R2D2, and are loaded into the Ago2 protein. Exogenous, in this case, refers to dsRNAs that do not undergo nuclear synthesis but originate from cytoplasmic or extracellular locales such as experimentally introduced dsRNAs. R2D2 and Loqs perform different biochemical functions with their cognate Dicer partners. Loqs-PB is required for processing of miRNA precursors by Dcr-1 but not for loading of mature miRNAs into Ago1 (ref. 2). R2D2 is required for Dcr-2-dependent loading of siRNAs into Ago2 but seems to be dispensable for processing of exogenous dsRNAs 3, 4 .
We next examined the effect of R2D2 and Loqs on silencing triggered by an artificial endogenous dsRNA. A nuclear transgene, called GMR-wIR, encodes a long hairpin dsRNA that corresponds to one exon of the white (w) gene 26 . Flies containing two copies of GMR-wIR have a white eye due to complete silencing of the white gene (Fig. 1b) . Dcr-2 or ago2 mutant flies failed to silence the white gene and had a red eye phenotype (Fig. 1b and data not shown). We also observed that both loqs and R2D2 single mutants had impaired white silencing, consistent with a previous report 28 . The loqs-R2D2 double mutant also failed to silence the white gene (Fig. 1b) . These results suggest that Loqs and R2D2 are nonredundant components of silencing triggered by either endogenous or exogenous dsRNAs.
R2D2 and Loqs are required at different steps of the siRNA pathway
The abundance of GMR-wIR-derived siRNAs was severely reduced in R2D2 and loqs single mutants (Fig. 1c) and even further reduced in the loqs-R2D2 double mutant, comparable to depletion observed in the Dcr-2 mutant (Fig. 1c) . These results were confirmed by deep sequencing small RNAs from wild-type, R2D2 and loqs single-mutant flies (see sequence summary in Supplementary Table 1) . We observed an ~8-fold and ~31-fold reduction in the normalized number of 21-nucleotide (nt) RNAs matching GMR-wIR in R2D2 and loqs mutants, respectively (Fig. 1d) .
The genetic nonredundancy that we observed with GMR-wIR silencing suggests that Loqs and R2D2 perform discrete functions, despite having similar effects on GMR-wIR siRNA levels. R2D2 qualitatively affected the pool of small RNAs derived from GMR-wIR, consistent with the role for R2D2 in strand selection during loading of Ago2 (ref. 19 ). There was a C bias at the 5′-terminal nucleotide of 21-nt GMR-wIR RNAs that was altered to a U bias in the R2D2 mutant (Fig. 1e) . The 3′-terminal nucleotide and middle nucleotides 9-11 also showed different biases in the R2D2 mutant. Differences in relative nucleotide bias were also apparent in 20-nt and 22-nt GMR-wIR RNAs from R2D2 when compared to those from the wild type ( Supplementary Fig. 1 ). The density of siRNA coverage over GMRwIR showed a relative increase in RNAs that mapped to the 3′ ends of both strands in the R2D2 mutant (Fig. 1f) . In contrast, the loqs mutant showed few differences from the wild type in nucleotide bias and coverage of GMR-wIR siRNAs (Fig. 1e,f and Supplementary  Fig. 1 ). Rather, loqs quantitatively reduced the abundance of siRNAs, suggesting no role for Loqs in strand selection and Ago2 loading.
Abundance of siRNAs could be regulated by the rate of processing or by siRNA turnover, as affected by siRNA loading into Ago2. To analyze the production of siRNAs from dsRNA in different mutants, we performed in vitro dsRNA processing reactions. When we incubated labeled dsRNA with embryo extract, we observed Dcr-2-dependent production of siRNAs (Fig. 2a) . Production of siRNAs was severely reduced in loqs mutant extract (14% of wild type) and slightly reduced in R2D2 mutant extract (53%). Extract from the loqs-R2D2 double mutant showed no detectable siRNA production, comparable to Dcr-2 mutant extract (Fig. 2a) . To validate these in vitro observations, we injected embryos with labeled dsRNA and measured production of siRNAs 2 h after injection. We observed no detectable processing in Dcr-2 mutant embryos, and a 60% and 80% reduction in processing in loqs single and loqs-R2D2 doublemutant embryos, respectively (Fig. 2b) . In contrast, R2D2 and ago2 mutant embryos showed 40% and 86% increase in dsRNA processing, respectively (Fig. 2b) . Our data indicate that Dcr-2 collaborates primarily with Loqs to process dsRNA into siRNAs, although Dcr-2 might also perform processing with R2D2, particularly when Loqs is absent. To monitor loading of siRNAs into Ago2, we performed in vitro RNA-induced silencing complex (RISC) loading reactions 4, 30 . Normally, addition of labeled siRNA to embryo extract results in its rapid association with the R2D2-Dcr-2 initiator (RDI) complex. This is converted into the RISC-loading complex (RLC), and subsequently the siRNA is loaded into Ago2 to form RISC. Dcr-2 and R2D2 a r t i c l e s a r t i c l e s mutant extracts failed to form RDI, RLC and Ago2-RISC complexes, whereas ago2 mutants lacked only the Ago2-RISC complex 4, 18, 25 ( Fig. 2c,d) . loqs mutant extract was capable of forming all three complexes although the levels were reduced by ~80% (Fig. 2c,d) . Notably, UV cross-linking of Dcr-2 to labeled siRNA was lost in R2D2 mutant extract but unaffected in loqs mutant extract (Supplementary Methods and Supplementary Fig. 2a ).
These results indicate that Loqs acts primarily to process exogenous dsRNAs, whereas R2D2 is essential for the loading of exogenous siRNAs. Both steps are carried out in collaboration with Dcr-2, but it is unclear how Dcr-2 interacts with each dsRBP. To analyze the interaction of Dcr-2 with R2D2 or Loqs, we performed immunoprecipitation experiments (Supplementary Methods) using a hemagglutinin (HA)-tagged Dcr-2 transgene that fully rescues the phenotype caused by lack of endogenous Dcr-2 (data not shown). We observed strong association between R2D2 and Dcr-2 proteins in embryos and adult flies (Supplementary Fig. 2b,c) . We estimate that ~50% of R2D2 protein in embryos is present in a complex with Dcr-2 protein.
In contrast, Loqs was not detected in the same Dcr-2 immunoprecipitates. These data are consistent with fractionation experiments showing that most Dcr-2 and R2D2 are present in common fractions but separate from Loqs 3, 28, 31 . However, other studies found a weak interaction between Loqs-PD and Dcr-2, such that a small percentage of endogenous Loqs-PD was detected in Dcr-2 immunoprecipitates 6, 17 . We interpret these results to suggest that R2D2 exists in a stable complex with Dcr-2, but the association between Loqs and Dcr-2 is either unstable or occurs transiently. It remains unclear how Loqs and Dcr-2 might interact to perform dsRNA processing in vivo. Purified recombinant Dcr-2 is capable of dsRNA processing without Loqs and is unaffected by the presence of R2D2 (ref.
3).
Endo-siRNA loci require R2D2 and Loqs for silencing
The GMR-wIR hairpin RNA resembles endogenous structured loci that are precursors of natural endo-siRNAs. This prompted us to explore the functions of R2D2 and Loqs in endo-siRNA biogenesis and silencing. A cluster of endo-siRNAs maps to a genomic region, referred to as the esi-2 locus, that is predicted to form extensive secondary structure 6, 10 . The esi-2 locus (also hp-CG4068) is located between CG6903 and CG4068, with some overlap between the end of the cluster and the 5′ end of CG4068 (Fig. 3a) 10 . The endo-siRNAs were detected in testes 6 , and we therefore used RNA isolated from this tissue or from male flies for analysis. The most abundant endo-siRNA derived from the esi-2 locus is called esi-2.1 (refs. 6,10). Levels of esi-2.1 were reduced in loqs and Dcr-2 mutants, as reported 10 (Fig. 3b) . In contrast, levels of esi-2.1 were mildly reduced in R2D2 and ago2 mutants. However, whereas other strains had one major esi-2.1 RNA species, R2D2 and ago2 mutants had additional esi-2.1 RNA species (Fig. 3b) . Notably, the loqs-R2D2 double mutant showed both a reduction in level and a heterogeneity of esi-2.1 RNAs, indicating a composite phenotype between loqs and R2D2 single mutants (Fig. 3b) .
The presence of additional species of esi-2.1 RNA in R2D2 and ago2 mutants prompted us to investigate the cause of this heterogeneity.
Endo-siRNAs that are successfully loaded into Ago2 are methylated by DmHen1 on the 3′-terminal nucleotide 10, 32 . It was possible that some of the heterogeneity observed with esi-2.1 RNA was due to lack of 3′ end methylation, as this modification in plants prevents nontemplated addition of uridyl residues at the 3′ end of siRNAs 33 . To test this hypothesis, we performed β-elimination reactions on total small RNAs from various mutant flies and analyzed the esi-2.1 endosiRNAs by northern blotting. When the RNA is not methylated, the 3′-most nucleotide is eliminated by treatment with NaIO 4 , resulting in an RNA species that is smaller in size. Esi-2.1 RNA was fully resistant to β-elimination in wild-type flies and fully sensitive in an ago2 mutant (Fig. 3c) . Esi-2.1 RNA from the R2D2 mutant was also fully sensitive to β-elimination, indicating that the RNA is not methylated in the absence of R2D2 (Fig. 3c) . Although esi-2.1 RNA was reduced in abundance from the loqs mutant, it was completely resistant to β-elimination (Fig. 3c) . As expected, 2S ribosomal RNA (rRNA) and mir-8 miRNA, which are unmodified at their 3′ termini, were sensitive regardless of the source of RNAs (Fig. 3c and Supplementary Fig. 3 ). These results are consistent with a role for Loqs in esi-2.1 RNA biogenesis and a role for R2D2 in esi-2.1 RNA loading into Ago2.
Silencing of the coding gene mus308 by esi-2 endo-siRNAs has been reported 6 . The level of mus308 transcript is significantly elevated in the testes of Dcr-2 and ago2 mutant flies 6 (Fig. 3d) . We observed that mus308 transcript levels were also significantly elevated in the testes of R2D2 and loqs-R2D2 mutants, and to a lesser extent in thise of loqs mutants (Fig. 3d) . This result indicates that silencing by endo-siRNAs requires R2D2 in addition to Dcr-2 and Ago2.
The esi-2 locus is located within an intergenic region from which a cDNA called AY119020 has been cloned 34 (Fig. 3a) ; we therefore refer to this intergenic region as AY119020. Using quantitative real-time PCR (RT-qPCR), we detected expression of RNA arising from the AY119020 region in testes, where the esi-2 endo-siRNAs are abundant (Fig. 3e) . AY119020 RNA levels were significantly elevated in Dcr-2 and loqs mutants, as compared to the wild type, and slightly reduced in R2D2 and ago2 mutants (Fig. 3e) . Transcript levels of the surrounding genes, CG6903 and CG4068, were unchanged in RNAi a r t i c l e s mutants, substantiating the idea that AY119020 is the esi-2 locus precursor RNA (Supplementary Fig. 4a,b) . These results suggest that AY119020 RNA levels are downregulated by processing carried out by Dcr-2 and Loqs. The lower levels of AY119020 RNA in ago2 and R2D2 mutants suggest enhanced processing in the absence of Ago2 loading, similar to the observed effects on exogenous dsRNA processing (Fig. 3b) .
We performed similar analysis on a cluster of endo-siRNAs mapping to another structured locus called the esi-1 locus (also known as hp-CG18854) 6, 10 . Levels of esi-1.2 RNA, an abundant endo-siRNA from the esi-1 locus, were reduced in ago2, loqs and R2D2 mutants and undetectable in loqs-R2D2 and Dcr-2 mutants (Fig. 3f) . There was a heterogeneity of esi-1.2 RNA species in R2D2 mutant males and females (Fig. 3f,g ). Deep-sequencing analysis showed that most esi-1 siRNAs originated from two major sites on the hairpin precursor, around positions 609 and 1553 of the CG18854-RC mRNA (indicated as 1 and 2, respectively, in Supplementary Fig. 5 ). Site 1 (corresponding to the esi-1.2 siRNA) generated roughly equal amounts of 21-nt and 22-nt RNA species, whereas site 2 generated primarily 21-nt RNA species. In the R2D2 mutant, esi-1 siRNAs were skewed toward 22-nt species and mapped almost exclusively to site 1 on the CG18854-RC mRNA (Fig. 3g and Supplementary Fig. 5 ). We found no evidence of nontemplated addition of nucleotides to the 3′ or 5′ end (data not shown). In contrast, the size distribution of esi-1 derived RNAs was unchanged in the loqs mutant (Fig. 3g) . This suggests that the siRNA pool from the esi-1 locus is affected qualitatively in R2D2 and quantitatively in loqs. Together, our data suggest that impaired loading of siRNAs into Ago2 causes the size heterogeneity of both esi-1.2 and esi-2.1 RNAs, and that heterogeneity is not simply due to imprecise processing of dsRNA precursors.
The CG18854 transcript is predicted to be the precursor of esi-1 endo-siRNAs. We observed that CG18854 RNA levels were significantly elevated in Dcr-2 and loqs mutants but slightly reduced in R2D2 and ago2 mutants (Fig. 3h) . In the loqs-R2D2 mutant, the esi-1 precursor RNA was present at an intermediate level between the levels measured in the loqs and R2D2 single mutants. The esi-1 locus bears some homology to CG8289, and ectopic expression of esi-1 can repress the CG8289 transcript 10 . However, we could not confidently detect CG8289 expression in testes (data not shown). Nevertheless, the esi-1 locus has similar genetic requirements to the esi-2 locus, suggesting a general role for Dcr-2−R2D2 in loading Ago2−RISC with endo-siRNAs from hairpin RNAs that are processed by Dcr-2−Loqs in vivo.
R2D2 is required for silencing triggered by overlapping transcripts
A number of endo-siRNAs map to genomic regions that are predicted to generate overlapping transcripts 5, 6 . Therefore, in testes, we analyzed an endo-siRNA cluster derived from CG14033, which is inserted in the opposite orientation to the Thickveins gene ( Supplementary  Fig. 6a ). Although the cluster maps to these two overlapping transcripts (CG14033 and Thickveins), their levels were unaffected in various mutants, with the possible exception of the Dcr-2 mutant (Supplementary Fig. 6b,c) . The siRNAs from this cluster show complementarity and are predicted to target the CG9203 transcript 6 . We observed that CG9203 levels were significantly elevated in Dcr-2, R2D2 and ago2 mutants as compared to the wild type (Fig. 3i) . The loqs-R2D2 mutant had elevated CG9203 levels, but this elevation was not statistically significant (P = 0.13), whereas the loqs single mutant showed levels comparable to those of the wild type. Nevertheless, our results indicate that R2D2 is required for silencing triggered by endo-siRNAs derived from both structured loci and overlapping transcripts. a r t i c l e s
R2D2 and Loqs are required for transposon silencing in adult flies
Endo-siRNAs mapping to transposable elements constitute the majority of 21-nt RNAs in the somatic tissues of adult flies 7 .
Transposable elements are also a target of 24-nt to 27-nt Piwi-interacting RNAs (piRNAs) in the germ line 35 . Approximately 30% of sequenced small RNAs (excluding rRNAs) mapped to transposable elements in female flies (Supplementary Table 1 ). The size distribution of RNAs mapping to transposable elements showed clear peaks at 20−21 nt and 24-27 nt, presumably corresponding to siRNAs and piRNAs, respectively (Fig. 4a) . We plotted the top individual transposable elements generating 20-nt and 21-nt small RNAs (Fig. 4b) . In addition, we plotted the ratio between short (20-nt and 21-nt siRNAs) and long (24-nt to 27-nt piRNAs) RNAs for each of individual transposable element to serve as a proxy for assessing relative silencing by each class of small RNAs (Fig. 4c) . The transposable elements generating the most 20-nt and 21-nt RNAs did not necessarily have the highest siRNA/piRNA ratios (compare Fig. 4b and 4c) . Distinct groups of transposable elements could be defined by the siRNA/piRNA ratio, and thus we analyzed select transposable elements (indicated by arrowheads in Fig. 4c ) with high (Gypsy6 and DM297), intermediate (FW and DOC) and low (Het-A, DM412 and Blood) ratios. Abundance of small RNAs mapping to Gypsy6 was slightly reduced in the R2D2 mutant and was more appreciably reduced in the loqs mutant, although there was a preferential loss of longer RNAs (Fig. 4b-d) . The siRNA/piRNA ratio increased from ~0.3 in the wild type to ~0.43 in both mutants. The normal C bias at the 5′-terminal nucleotide of 21-nt Gypsy6 RNAs was absent in the R2D2 mutant but present in the loqs mutant (Fig. 4e) . Notably, the R2D2 and loqs mutants showed no differences in nucleotide biases at the termini of 25-nt piRNAs. This illustrates how R2D2 can have a qualitative impact on the pool of Gypsy6 siRNAs without affecting piRNAs.
Despite an abundance of Gypsy6 siRNAs, Gypsy6 transcript levels were not significantly in any of the mutants tested, including the R2D2, loqs, loqs-R2D2, Dcr-2 and ago2 mutants (Fig. 4f and  Supplementary Fig. 7a) .
We analyzed another transposable element with a high siRNA/ piRNA ratio: DM297. The siRNA peak was virtually absent in the loqs mutant, whereas the R2D2 mutant showed only a small decrease (Fig. 4g) . This was reflected in the siRNA/piRNA ratio (0.57, 0.54 and 0.10 in the wild-type and the R2D2 and loqs mutants). The C bias at the 5′ end of Dm297-derived siRNAs was absent in both R2D2 and loqs mutants (Supplementary Fig. 7b ). These changes in siRNAs were accompanied by impaired silencing of DM297, as indicated by a significant increase in transcript levels in all mutants (Fig. 4h) .
Small RNAs mapping to Het-A, DM412 and Blood had low siRNA/piRNA ratios (0.09, 0.03 and 0.046, respectively), whereas FW and DOC had intermediate ratios (0.15 and 0.13, respectively) ( Supplementary Fig. 7c-g ). Thus, these transposable elements might Gypsy  Gypsy12  Gypsy4  Gypsy8  Gypsy2  Gypsy3  BLOOD   TART B1  BEL  LINEJ1_DM  I_DM  MICROPIA  Invader1  Invader6  Invader2  IVK_DM  R2_DM  BARI_DM  QUASIMODO  DIVER2  DM176  ROOA  PROTOP  TAHRE  MDG1  IDEFIX  CIRCE  Copia2  G2_DM  G5_DM  BS  DM1731  DOC3_DM  DM412  HMSBEAGLE  G_DM  TART  ROVER  ACCORD2  NINJA  NOMAD  DMRT1A  BS2  Baggins1  R1_DM  FW_DM  DM297  DMRT1B  DOC  STALKER4  MAX  DNAREP1_DM  BATUMI  HETA  DMCR1A   ROO  Gypsy6  Gypsy  Gypsy12  Gypsy4  Gypsy8  Gypsy2  Gypsy3  BLOOD   TART B1  BEL  LINEJ1_DM  I_DM  MICROPIA  Invader1  Invader6  Invader2  IVK_DM  R2_DM  BARI_DM  QUASIMODO  DIVER2  DM176  ROOA  PROTOP  TAHRE  MDG1  IDEFIX  CIRCE  Copia2  G2_DM  G5_DM  BS  DM1731  DOC3_DM  DM412  HMSBEAGLE  G_DM  TART  ROVER  ACCORD2  NINJA  NOMAD  DMRT1A  BS2  Baggins1  R1_DM  FW_DM  DM297  DMRT1B  DOC  STALKER4  MAX  DNAREP1_DM  BATUMI be regulated primarily by piRNAs in the germ line. Nevertheless, siRNAs mapping to these transposable elements were consistently reduced in level or absent in loqs and R2D2 mutants. We therefore measured the transcript levels for each transposable element in different mutants (Supplementary Fig. 7 ). DOC transcript levels were elevated in the R2D2, loqs-R2D2, Dcr-2 and ago2 mutants. FW and Het-A transcript levels did not change significantly in any of the mutants tested, with the possible exception of FW in the ago2 mutant. Blood transcript levels were elevated in the loqs and loqs-R2D2 mutants but not the R2D2, Dcr-2 or ago2 mutants. The reason for the strict dependence on Loqs is unclear, but it could suggest an involvement of miRNAs instead of siRNAs. DM412 transcript levels were consistently elevated in all mutants ( Supplementary Fig. 7a,l) . We observed an enrichment for U at the 5′ end of 21-nt DM412 RNAs (Supplementary Fig. 7m ). This bias was exacerbated in loqs and R2D2 mutants. It is possible that some of the 21-nt DM412 RNAs represent short piRNAs, which become enriched when siRNAs are lost in the mutants. Overall, the changes in levels of transposon transcripts in mutants did not correlate with the absolute number of siRNAs or the siRNA/piRNA ratio. This suggests the involvement of additional mechanisms and illustrates the complexity of the regulation of transposable elements. Biogenesis of endo-siRNAs derived from transposable elements in vivo was not observed in a previous study 6 , but that work used a loqs hypomorphic allele. Despite the well-described role of Loqs in the miRNA pathway, no changes in the total number of miRNAs were observed in the loqs hypomorph 6 .
Loqs is required for biogenesis of miRNAs
We predicted that the stronger loqs mutant used in the present study would affect the miRNA populations. There was a 50% decrease in the total numbers of mature miRNAs in the loqs mutant compared to the wild type (Fig. 5a) . We also observed a specific decrease in the abundance of most miRNAs in the loqs mutant, with a few exceptions such as mir-279 (Fig. 5b) . This differential effect on mature miRNA levels observed in loqs was described earlier 2 . In the R2D2 mutant, there was an increase in abundance of some individual miRNAs (Fig. 5) . Although this could suggest some cross-talk between small RNA pathways, we cannot rule out the possibility that it was caused by the strategy that we used to normalize our deep-sequencing data, based on the size of the libraries (see Online Methods).
DISCUSSION
Previous studies led to a proposed model in which Dcr-2−Loqs and Dcr-2−R2D2 act in two parallel pathways: the former in an endosiRNA pathway and the latter in an exo-siRNA pathway 15, 16 . In contrast, our results indicate that R2D2 and Loqs have largely nonredundant roles in a common silencing pathway triggered by either exogenous or endogenous dsRNA (Fig. 6) .
In our model, Loqs is necessary for efficient processing of dsRNA into mature siRNA duplexes by Dcr-2. Loqs could provide Dcr-2 with the ability to process dsRNAs of different structural conformations, or it could increase the affinity of Dcr-2 for dsRNA substrate. We detected residual processing activity by Dcr-2 in the loqs mutant, and this activity was at least partially dependent on R2D2. Therefore, Dcr-2−R2D2 probably carries out a small amount of processing that is independent of Loqs. Our results do not exclude the possibility that, in vivo, Dcr-2 can process some dsRNA without any dsRBP. Indeed, recombinant Dicer proteins from diverse organisms, including Drosophila Dcr-2, can process dsRNA without their dsRBP partners in vitro 3, 36 . We detected a small level of processing in extracts from the loqs-R2D2 double mutant, suggesting that Dcr-2 alone might have some processing activity. However, this interpretation is tempered by the fact that the loqs mutant we used did not completely eliminate Loqs 27 , and so residual Loqs could have provided some processing capability to Dcr-2.
R2D2 is essential for siRNA-mediated silencing at a step downstream of processing, being required for Dcr-2 to load either exo-siRNAs or endo-siRNAs into Ago2. R2D2 and Dcr-2 seem to carry out loading as a stable heterodimer. Our model would logically dictate that the processing complex releases its siRNA product before the loading complex can deliver it to Ago2. This prediction has been validated by earlier observations 37 . Indeed, previously it was unclear why a processing complex with Dcr-2 and R2D2 would have to release the siRNA before loading. Our model provides a coherent framework to explain the separation between biogenesis and loading of siRNAs. Finally, our model could also be relevant in the context of mammalian RNAi, as Dicer-dependent endogenous siRNAs have also been described in mammals 11, 12 . In addition, two different dsRNA-binding proteins, PACT and TRBP, interact with Dicer 38 , although their roles in the endogenous siRNA pathway have not been characterized.
METHODS
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